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Abstract: Propylene-propane separation is one of the most difficult and demanding

energetic operation currently practiced using cryogenic distillation. Extensive studies

on various alternatives showed that cyclic adsorption processes, and particularly

pressure swing adsorption (PSA), might be an option to replace the traditional distilla-

tion. In spite of the promising results of the PSA process, much attention is currently

being paid to the simulated moving bed technology (SMB) for gas-phase separations.

The ingenious principle of this process is based on the choice of an adequate adsorbent-

desorbent couple. Thus, in the present work 1-butene has been studied as an interesting

desorbent to displace adsorbed propylene-propane mixture on 13X zeolite. The

measurements of pure 1-butene adsorption isotherms over 13X zeolite were

performed with a gravimetric experimental device for pressure ranging from 0 to

110 kPa and at temperature of 333, 353, 373, and 393 K. The experimental adsorption

data were correlated using Toth model. The heat of adsorption at zero coverage and the

maximum loading capacity of 1-butene were found to be 54.4 kJ/mol and 2.10 mol/
kg, respectively. The adsorption and desorption of 1-butene on 13X zeolite packed

on a fixed bed initially saturated either by a propane-propylene mixture or a pure C3
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hydrocarbon has been studied. The performance of 1-butene has been compared with

isobutane that was previously proposed to be a highly effective desorbent for C3H6/
C3H8 separation. A model based on a double LDF approximation for the mass

transfer combined to a heterogeneous energy balance taking into account a variable

velocity of the gaseous bulk phase, has been used to describe the breakthrough

curves obtained experimentally at 373 K and 110 kPa.

Keywords: 1-Butene, 13X Zeolite, adsorption equilibrium, fixed bed adsorption

experiments

INTRODUCTION

The separation of propylene from mixtures with propane is a very important

and large volume operation in the petrochemical industry. Steam cracking

and fluid catalytic cracking are among the most common and large scale

processes leading to the propane-propylene mixture. The recovery of

propylene from this mixture has a high commercial significance to the

chemical industry, and particularly for the production of polypropylene.

Presently, the separation of propane-propylene mixture is practiced by frac-

tional cryogenic distillation. The very low relative volatility between the

two components (1) makes this operation difficult and excessively energy

consuming. As a consequence of the large size of the columns containing

over 150 trays with a high reflux ratio, several alternatives have been investi-

gated (2). Some of the most promising alternatives to perform this separation

in a more efficient and cost-effective way involve the use of adsorbents that

exploit their ability to adsorb some of the components selectively (3–6).

This has paved the way for a number of cyclic adsorption processes such as

pressure or vacuum swing adsorption (PSA/VSA) technologies (7–9). In

these processes the mixture is first passed through a fixed bed of an

adsorbent material under conditions where one or more of the components

are selectively removed. The loaded material is then exposed to a lower

pressure environment where the adsorbed gases are released and recovered

at a higher purity level. The latest results reported by Grande and Rodrigues

(10) showed that very high propylene purity can be obtained with an

important recovery. Although the PSA process is in the way to be used in refi-

neries, it appeared recently that other cyclic adsorption schemes, such as the

simulated moving bed (SMB), could succeed in separating olefin/paraffin

mixtures with higher recovery and productivity.

The SMB technology was introduced in the late 1950s and has mainly

been applied for liquid-phase separation to very large-scale production in

the petrochemical industry (11, 12). The main idea of this process is to

simulate a continuous countercurrent flow of the fluid and of the solid

adsorbent by a synchronous port shifting of the different inlets and outlets

in a multi-column unit (13). The key advantage of such a process is the

high-mass-transfer efficiency of this countercurrent gas-solid contact
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allowing a more efficient use of the sorbent. The implementation of a

conventional SMB for gas separation is based not only on the choice of a

good solid adsorbent but on the selection of an efficient desorbent as well.

Recent interest for gas-phase separation using the SMB process led to the

emergence of cycle where the desorption steps are not carried out with a

desorbent (14–18). Thus, the aim of this work is to find out an adsorbent

which can be combined to an appropriate desorbent in order to carry out

the gas phase separation of C3 olefin from paraffin with a classical

SMB cycle.

Different types of adsorbents have been attempted for propylene-propane

separation up to various degrees of success. Some of the most common adsor-

bents tested for separating propylene from a mixture containing propane are

zeolite type. It is worth pointing out that propylene is smaller in cross-

section than propane, so it is more readily sorbed into pores of any zeolite.

In the 4A zeolite (19, 20), propylene is sorbed into the pores while propane

is virtually entirely excluded. Furthermore, the diffusion of propylene into

and out of the zeolite pores is so slow that the separation is impractical from

an industrial standpoint. Da Silva and Rodrigues reported that 13X zeolite

presents a high loading capacity and low mass-transfer resistance (21) and

confirmed Järvelin’s work (22–24) indicating that a larger-pore 13X zeolite

would work well for propane/propylene separation. Currently, a number of

new p-complexation adsorbents have been studied for olefin/paraffin separ-

ations (25). Those materials have nevertheless a rather low loading capacity.

In accordance with the choice made in a previous work (26) and in view of

kinetic behavior, zeolite 13X was the solid adsorbent adopted for this study.

A noteworthy feature distinguishing this study from the previous one is the

discovery of a new desorbent, i.e. 1-butene, which could be as interesting as

isobutane for displacing propane and propylene from the adsorbent bed.

Because adsorption data of 1-butene over 13X zeolite are scarce, equilibrium

isotherms of this C4 olefin over 13X zeolite have been measured with a gravi-

metric method at a temperature ranging from 333 K to 393 K and a pressure up

to 110 kPa. To make sure that the preferred desorbent is able to displace

propane as well as propylene from the molecular sieve, breakthrough exper-

iments were carried out at 373 K and 110 kPa in a laboratory-scale fixed bed

column with a feed flowrate of 1.0 SLPM (standard liters per minute at

273.15 K and 1.01325 � 1025 Pa). In addition, these fixed-bed experiments

allowed to see if 1-butene is easily displaceable from the adsorbent, so that

the molecular sieve could be reused in the process. Further experiments were

conducted in the same operating conditions with a column fully saturated

with either 1-butene or isobutane, and then desorbed from the bed by

passing a mixture of propane-propylene in order to determine which one is

the more efficient desorbent. It should be noted that both 1-butene and

isobutane in combination with zeolite 13X have been presented in a pending

patent as two possible desorbent/adsorbent couples for propane/propylene

separation by simulated moving bed (27).

N. Lamia et al.1126
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The dynamics of multicomponent adsorption in a fixed bed with

bidisperse particles was studied as a preliminary work to a SMB model. In

the mathematical model proposed in this study to describe the breakthrough

curves obtained experimentally, detailed mass and energy balances were

developed for a nonisothermal and nonadiabatic fixed bed adsorber in

which a variable velocity of the bulk phase along the unit is taken

into account.

EXPERIMENTAL SECTION

Materials

The adsorbent used in this study is 13X zeolite in extrudate form manufac-

tured by CECA (France). Some representative properties of the adsorbent

are reported in Table 1. The average crystal size of the sample was obtained

by scanning electron microscopy (SEM). The 13X zeolite pore structure

consists of sodalite cages arranged in such a way that large supercages are

accessible through 7.2 Å windows.

The propane, propylene, and 1-butene used in this work were research-

grade reagents, provided by Air Liquide (France). The purity of sorbate

gases was N24 for propylene (.99.4%), N35 for propane (.99.95%) and

N20 for 1-butene (.99.0%), while the purity of nitrogen used as an inert

gas during the regeneration procedure was 99.995 mol% pure. All the adsor-

bates have a molecular diameter of less than 5.0 Å, i.e., a critical diameter

smaller than the window size of the zeolite cavities.

Table 1. Physical properties of 13X zeolite and characteristics of the fixed-bed

column

Adsorbent

Extrudate radius Rp 0.8 mm

Crystal radius rc 1.0 mm

Macropore radius rp 0.17 mm

Pellet density rp 1357 kg . m23

Pellet porosity 1p 0.395

Solid specific heat Ĉps 920 J . kg21 . K21

Fixed-bed column

Bed radius Rw 1.07 1022 m

Effective bed length L 0.84 m

Bed porosity 1b 0.39

Bulk density rb 820 kg . m23

Wall density rw 8238 kg . m23

Wall specific heat Ĉpw 500 J . kg21 . K21

1-Butene, Propylene, and Propane over 13X Zeolite 1127
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Gravimetric Measurements of Adsorption Equilibrium

Pure gas adsorption measurements were performed on a Rubotherm magnetic

suspension balance (MSB) (Bochum, Germany). Details of the equipment and

the operating procedure have been described in a previous work (26). Prior to

adsorption, the zeolite sample was weighed and introduced in the microbalance

basket to undergo a pretreatment, i.e., to be activated. To perform this activation,

the solid adsorbent was heated under vacuum from ambient temperature up to

593 K with a temperature ramp of 2 K . min21. The sample was maintained at

this temperature and 1 mbar during at least 10 hours. Once the activation was

accomplished, the system was cooled down to the measurement temperature. It

is worth noting, that the measuring cell was thermostated by an electrical

heating device and highly accurate transducers were used to measure pressure

and temperature. Thereafter, the pure component sorptive gas was fed step by

step through tubing equipped with valves, from the gas cylinder to the MSB.

The weight gained by the adsorbent was transmitted by magnetic suspension

coupling from a closed and pressure-proof metal container to an external micro-

balance. Weight differences and the pressure increments were recorded with a

computer. Single-adsorption equilibrium isotherms were measured at four temp-

eratures (333, 353, 373, and 393 K) at pressure up to 110 kPa.

Fixed Bed Adsorption Experiments

Fixed bed adsorption studies were conducted to evaluate the effectiveness of

1-butene to displace propylene, propane and their mixture from 13X zeolite.

Experiments were carried out in a 2.14 � 1022 m I.D., 0.84 m length stainless

steel column packed with 13X zeolite. Fixed-bed column properties are given

in Table 1. The remaining void volume at both ends of the column was filled

with glass beads in order to properly distribute the inlet flow along the bed

and to avoid a too large void volume at the end. The column was then placed

inside a convective furnace equipped with PID temperature controllers. Two

Omega type K thermocouples were inserted axially in the column, one near

the middle of the bed measuring the gas temperature, and the other at the top,

measuring the wall column temperature. At the inlet of the column, the flow

rate was controlled with a mass flow controller to get constant flow. The adsorp-

tion pressure was adjusted with a backpressure regulator (Bronkhorst, Holland).

A Chromopack CP9001 gas chromatograph equipped with a FID detector was

employed for analysing propane, propylene and 1-butene at the bed exit,

using ethane as an external reference flow. The GC was coupled with an

automatic valve sampling system containing 12 loops of 10 ml. Detailed infor-

mation about the experimental installation are presented elsewhere (26). Prior to

the experiments, the adsorbent bed is subjected to an activation by purging it

with nitrogen overnight from ambient temperature to 593 K.

N. Lamia et al.1128
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THEORETICAL SECTION

Adsorption Equilibrium

A number of equilibrium isotherm models can be used to fit experimental

equilibrium data (28). In this work Toth model (29) was chosen to describe

our experimental isotherms. Being a three-adjustable-parameter model, this

equation is more efficient than the Langmuir’s one for fitting most of the

adsorption data. On the other hand, compared with other thermodynamics

models it gives, with great simplicity, a quantitative description of the

observed equilibriums. The Toth equation was applied in the following form:

qi ¼ qm;i
biP

ð1 þ ðbiPÞ
ki Þ

1=ki
ð1aÞ

and

bi ¼ bi;0 exp
�DHi

<T

� �
ð1bÞ

where qi and qm,i are the absolute amount adsorbed and the maximum amount

adsorbed of the ith component, DHi is the isosteric heat of adsorption at zero

loading, b is the affinity parameter of the pure component i for the solid sorbent,

and ki ¼ AiþDiT is the dimensionless solid heterogeneity parameter (30).

There are several ways to evaluate the precision of a fit on a set of exper-

imental data. A commonly used parameter for adsorption isotherms is the

average relative error (ARE), defined as follows:

ARE ¼
100

N
�

X jqexp � qsimj

qexp

ð2Þ

where N is the number of data points, qexp and qsim are the experimental and

the calculated amount adsorbed, respectively.

Mathematical Model for Fixed Bed Adsorption

To describe the behavior of 1-butene in presence of propane, propylene and

their mixture in a fixed bed adsorber, a dynamic model was developed. The

adsorption system considered is a nonisothermal and nonadiabatic column

packed with extrudates of 13X zeolite initially saturated either with an inert

gas or a sorbate species. The model is derived from the mass and energy

balances, including the following assumptions:

1) The adsorbent particles have a bidisperse porous structure containing

macropores and micropores;

2) The gas phase follows the ideal gas law;

1-Butene, Propylene, and Propane over 13X Zeolite 1129
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3) The pressure is constant;

4) The flow pattern is described using the axially dispersed plug flow model;

5) Mass, temperature and velocity gradients are negligible in the radial

direction;

6) The mass transfer rate inside the solid, at the pellet and crystal level, is

represented using a linear driving force model (LDF);

7) The adsorption equilibrium is described by multicomponent Toth model.

On this basis, the mass balance equations were written as follows.

Component Mass Balance in the Bulk Fluid

Plug flow model with axial dispersion is used to describe the bulk phase flow

through the adsorption column. Axial dispersion coefficients are supposed to

be the same for all components. The mass balance for the ith component in the

bulk gas phase, including axial dispersion and variable velocity along the bed

axis, is (31):

@Ci

@t
¼

@

@z
DaxC

@Yi
@z

� �
�
@vCi

@z
�
ð1 � 1bÞ

1b

aKm;i

ðBim;i þ 1Þ
ðCi � �ciÞ ð3Þ

where Ci is the concentration for a pure component in the bulk phase, Dax is

the axial dispersion coefficient for the ith component, Yi is the mole fraction, v

is the interstitial velocity, 1b is the bed porosity, a is the pellet specific area,

Km,i is the external mass transfer coefficient, and Bim,i ¼ RpKm,i/(51pDp,i) is

the mass Biot number.

Overall Mass Balance

The total mass balance equation was obtained adding up all the pure

component mass balance equations with i ¼ 1, N

@C

@t
¼ �

@vC

@z
�
Xn
i¼1

ð1 � 1bÞ

1b

aKm;i

Bim;i þ 1
ðCi � �ciÞ ð4Þ

where C is the total gas concentration in the bulk phase.

Mass Balance Inside the Pellet

The mass balance inside the bidisperse porous particle yields the following

Equation (31):

@�ci
@t

¼
15Dp;i

R2
p

Bim;i

ðBim;i þ 1Þ
ðCi � �ciÞ �

rp

1p

@��ni
@t

ð5Þ

where c̄i is the average mole concentration of the ith pure component inside

N. Lamia et al.1130
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the pellet, Dp,i is the pore diffusivity, 1p is the pellet porosity, rp is the pellet

density and Rp is the pellet radius.

Mass Balance Inside the Crystal

@n
¼

i

@t
¼

15Dc;i

r2
c

ð�n�i � n
¼

iÞ ð6Þ

where n̄i
� is the equilibrium adsorbed concentration as a function of the

average gas concentration inside the pores c̄i and n
¼

i is the average

adsorbed concentration of the single component i, with Dc,i as the crystal

diffusivity, and rc the crystal radius.

Adsorption Equilibrium Model: Toth Multicomponent

The extension of Toth equation to multicomponent mixtures as suggested by

Sircar (30) was implemented in the model.

�n�i ¼ qm;i
bi �ci<Ts

1 þ
PN

i¼1 ðbi �ci<TsÞ
k

� �1=k
ð7aÞ

with

bi ¼ b0 exp
�DHi

<Ts

� �
ð7bÞ

where qm,i is the saturation adsorption capacity for each component, bi is the

affinity constant for a specific sorbate, DHi is the adsorption enthalpy for the

ith component, < is the ideal gas constant and Ts is the solid temperature.

The extended Toth equation is used with a global heterogeneity parameter

k. This parameter is different from the single parameter ki used in the pure

component Toth model. It is calculated from the single component

isotherms with:

k ¼
XN
i

yiki ð7cÞ

Many different forms of the energy balance have been used in the mathemat-

ical description of non-isothermal adsorption processes, and various assump-

tions can be applied to simplify process simulations. Thus, in this study the

temperature gradient in the radial direction has been neglected to describe a

heterogeneous energy balance that takes into account three different control

volumes (i.e., fluid- phase, solid and wall column).
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Energy Balance for the Gas Phase

@Tg
@t

¼
1

1bC ~Cv

@

@z
l
@Tg
@z

� �
� v

~Cp

~Cv

@Tg
@z

þ
<Tg

C ~Cv

@C

@t

�
ð1 � 1bÞ

1b

ahf

C ~Cv

ðTg � TsÞ �
2hw

1bC ~CvRw

ðTg � TwÞ ð8Þ

where l is the axial heat dispersion coefficient, Rw is the column internal

radius, C̃p and C̃v are respectively the molar specific heat of the bulk gas

mixture at constant pressure and constant volume. The terms hf and hw are

the heat transfer coefficient between the gas and the solid on the one hand,

and between the gas and the wall, on the other hand.

Energy Balance for the Solid Phase

It is worth pointing out that the temperature inside the solid is considered as

uniform. Thermal conduction in the solid phase and heat transfer between

solid and wall phases are neglected.

@Ts
@t

¼
ð1 � 1bÞ1p<Ts

B

@�c

@t
þ
rb
B

Xn
i¼1

ð�DHiÞ
@n
¼

i

@t

þ
ð1 � 1bÞahf

B
ðTg � TsÞ ð9aÞ

with

B ¼ ð1 � 1bÞ 1p
Xn
i¼1

�ci ~Cv;i þ rp

Xn
i¼1

@n
¼

i
~Cv;ads;i þ rpĈ ps

( )
ð9bÞ

where Ĉps is the mass specific heat of the solid.

Wall Energy Balance

The wall conduction phenomenon is neglected.

@Tw
@t

¼
1

rwĈ pw

fawhwðTg � TwÞ � awlUðTw � T1Þg ð10Þ

where Ĉps is the mass specific heat of the wall column, rw is the wall density,

T1 is the temperature outside the column, and U is the overall heat transfer

coefficient between the column wall and the external environment. The

term aw is the ratio of the internal surface area to the volume of the column

wall, while awl is the ratio of the logarithmic mean surface area of the

column shell to the volume of the column wall.

N. Lamia et al.1132
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Variable Velocity of the Gas along the Bed

The variation of velocity of the bulk phase along the axial direction of the bed,

@v/@z, is the result of the global mass and solid energy balances. Substituting

Eq. (8) in Eq. (4), and applying the ideal gas law, the interstitial gas velocity

can be written as follows

@v

@z
¼ �

1

C

Xn
i¼1

ð1 � 1bÞ

1b

aKm;i

ðBim;i þ 1Þ
ðCi � �ciÞ �

ð1 � 1bÞ

1b

ahf

C ~Cp

1 �
Ts

Tg

� �
�

2hw

1bC ~CpRw

1 �
Tw

Tg

� �
ð11Þ

Initial and Boundary Conditions

Since the adsorbent bed is filled with an inert gas, the initial conditions are:

t ¼ 0; 8z Ci ¼ �ci ¼ n
¼

i ¼ 0 Tg ¼ Ts ¼ Tw ¼ T0 v ¼ v0 ð12aÞ

Once the fixed bed column is saturated with an adsorptive flowing gas

with mole fraction Yi ¼ yi,0, the set of initial conditions related to the mass

balance should be replaced by:

Ci ¼ �ci ¼ n
¼

i ¼ yi;0 ð12bÞ

The Danckwert’s boundary conditions are imposed at the inlet and

outlet of the column for each gas mole fraction variable and gas-bulk

temperature

z ¼ 0 �DaxC
@Yi
@z

����
z¼0

þvðCi � Ci;0Þ ¼ 0 and

�
l

1bC ~Cv

@Tg
@z

����
z¼0

þv
~Cp

~Cv

ðTg � Tg;0Þ ¼ 0 ð13Þ

z ¼ L
@Yi
@z

����
z¼L

¼ 0 and
@Tg
@z

����
z¼L

¼ 0 ð14Þ

It should be mentioned that this mathematical model has been proposed

following the work of Da Silva et al. (31). Further information and dimension-

less model equations can be found elsewhere (26).
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Determination of Model Parameters

The main drawback in using mathematical models for design and analysis of

sorption system is that they require many input parameters, some of which

could only be obtained using parameter estimation. Nevertheless, in the

present study, most of the parameters were calculated from various corre-

lations that have been widely used for column adsorption. Thus, the

molecular diffusivities Dm,i were calculated with the Chapman-Enskog

equation using the Lennard-Jones parameters collected by Bird et al. (32)

and listed in appendix (Table A1). For the calculation of the pore diffusivities,

Dp,i, the Bosanquet equation has been applied:

1

Dp;i
¼ t

1

Dm;i
þ

1

Dk;i

� �
with Dk;i ¼ 97rp

ffiffiffiffiffiffi
T

Mi

r
ð15Þ

where t is the tortuosity factor assumed to be equal to 2.2, Dm,i is the

molecular diffusivity of the pure ith component and Dk,i is the Knudsen diffu-

sivity in m2 . s21. Note that the pore radius rp is expressed in meter and the

molecular weight of each gas, Mi, in g/mol.

For the crystal diffusivity Dc,i, the value of this parameter was directly

taken from the data available in the literature (33, 34). In fact, intracrystalline

diffusivities for alkanes and alkenes in 13X zeolite have been widely

discussed and it has been shown, that the crystal diffusivities of the studied

hydrocarbons decrease according to the following sequence: C3H8 . C3H6

. C4H8. The molar specific heat at constant pressure C̃p,i for the pure

component i, was calculated by using the methods and thermodynamic data

provided by Reid et al. (35) and reported in appendix (see Table A1). The

molar specific heat at constant volume C̃v,i for each component was calcu-

lated from the C̃p,i using the ideal gas relationship C̃v,i ¼ C̃p,i 2 <, where

< is the ideal gas constant. The thermal gas conductivity kg,i and the gas

viscosity mi of each species were calculated according to the suggestions of

Bird et al. (32). The external mass transfer coefficient Km,i and the heat con-

vective coefficient hf were estimated with the correlations of Wakao and

Funazki (36):

Km;i ¼
ShiDm;i

2Rp

ð16Þ

and

hf ¼
Nukg

2Rp

ð17Þ

Depending on the considered species, the Sherwood number Shi and the

Nusselt number Nu ranged from 6 to 8 and from 7 to 9, respectively. To

calculate both mass and heat axial dispersion coefficient Dax and l, the

N. Lamia et al.1134
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correlations proposed by Wakao and Funazki (36) have been again used:

Dax ¼
Dm;i

1b
ð20 þ 0:5SciReiÞ ð18Þ

and

l ¼ kgð7 þ 0:5PriReiÞ ð19Þ

where Sci is the Schmidt number (m0/riDm,i), Re is the particle Reynolds number

(rivsdp/m0) and Pr is the Prandtl number (Ĉpgm0/kg). For all the studied systems,

Schmidt and Prandtl numbers were found to be around 0.6 and 0.9, respectively.

Finally, regarding the internal convective heat transfer coefficient hw
between the gas and wall column, the correlation proposed by Wasch and

Froment (37) gave very high values (.200W/m2 . K) which could not be

used to correctly describe the temperature histories. The same was true for

estimating the global heat transfer coefficient U with the correlation

of Incropera and Witt (38) which led to unsatisfactory simulation results.

Consequently, these two parameters were estimated on the experimental

breakthrough curves.

Simulation Method

Various numerical techniques developed for the solution of the fixed bed

adsorber model have been proposed in the literature. In the present work, orthog-

onal collocation on finite element has been applied to solve the system of partial

differential equations (PDE), ordinary differential equations (ODE) and algebraic

equations (AE) involved in the mathematical model. For the axial domain, 50

elements were used with 3 collocation points per element. The set of ordinary

and algebraic equations (ODAE) were then integrated with the DASOLV

solver which is based on backward-differentiation formulae (BDF). The

absolute tolerance was fixed at 1025 for all the simulations.

RESULTS AND DISCUSSION

Thermodynamics

Adsorption Isotherms of Pure Components on 13X Zeolite

The experimental equilibrium data of 1-butene on 13X zeolite measured at four

temperatures (333, 353, 373, and 393 K) are listed in Table 2. PressureP is given

in kPa and the absolute amount adsorbed per unit mass of adsorbent qi in mol/kg.

The mean relative deviation calculated from Eq. (2) between experimentally

measured amount adsorbed and their values obtained with the Toth model is

1-Butene, Propylene, and Propane over 13X Zeolite 1135
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found to be less than 2% for any temperature. The representative experimental

data and the resulting fits from the Toth model are shown in Fig. 1. It can be

seen in this figure that the experimental results of 1-butene on 13X zeolite are

well correlated with the Toth isotherm. Fitted parameters are reported in

Table 3. The isosteric heat of adsorption at zero coverage estimated with the

Toth model is found to be 54.4 kJ/mol for 1-butene. This value is in good

agreement with the sorption enthalpy measured by Malka-Edery et al. using a

Table 2. Experimental data of 1-butene adsorption equilibrium on zeolite 13X

T ¼ 333 K T ¼ 353 K T ¼ 373 K T ¼ 393 K

P

(kPa)

q

(mol/kg)

P

(kPa)

q

(mol/kg)

P

(kPa)

q

(mol/kg)

P

(kPa)

q

(mol/kg)

0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000

0.75 1.650 0.10 0.903 2.10 1.267 0.30 0.534

5.60 1.858 0.50 1.396 5.60 1.460 2.40 1.063

21.45 1.966 2.75 1.580 11.05 1.617 9.40 1.419

29.20 1.992 10.00 1.757 14.95 1.675 20.25 1.602

39.55 2.011 18.95 1.824 23.20 1.733 26.70 1.648

48.10 2.023 34.85 1.885 34.15 1.774 33.75 1.684

56.05 2.031 47.05 1.911 42.50 1.790 52.45 1.736

66.10 2.039 61.15 1.936 56.10 1.823 67.50 1.764

76.10 2.047 73.60 1.950 71.20 1.865 76.30 1.778

86.05 2.052 82.15 1.962 82.85 1.881 85.05 1.797

100.50 2.057 98.80 1.973 94.60 1.900 102.90 1.816

108.20 2.060 107.25 1.981 108.05 1.922 110.05 1.827

Figure 1. Equilibrium isotherms of 1-butene over 13X zeolite at different tempera-

tures. The solid line is the Toth model.
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volume step thermal method (VSTM) (39). In their study, a mean sorption heat of

53 kJ/mol was found for anhydrous 13X zeolite.

In a previous work (26), propane and propylene isotherms on 13X zeolite

were measured using the same experimental equipment and protocol as

describe in this study.

Figure 2 shows the 373 K isotherms for propane (C3H8), propylene

(C3H6) and 1-butene (C4H8) in the pressure range of 0 to 110 kPa. At low

pressures the 1-butene isotherm exhibits the greatest slope and the highest

adsorption capacity. The C3H8 and C3H6 isotherms have a more gradual

slope at low pressure but continue to show increases in the amount

adsorbed at pressure far greater than the value at which the C4H8 isotherm

levels off. On the other hand, in this pressure range (P � 20 kPa), it can be

observed that 1-butene isotherm is perfectly intermediate to the two C3

component isotherms. This suggests that at 373 K the 1-butene can be a

potential desorbent in the framework of a propane-propylene separation by

SMB. Although this information is interesting, such a conclusion cannot be

drawn only from single-adsorption isotherms.

Table 3. Adsorption equilibrium parameters of the Toth model on 13X zeolite

Gas qm,i (mol/kg) bi,0 (kPa21) 2DHi (kJ/mol) Ai (2) Di (K21)

Propylene 2.59 2.5 � 1027 42.4 0.658 0.0

Propane 2.20 2.5 � 1027 36.9 0.892 0.0

1-Butene 2.10 2.5 � 1027 54.4 0.452 0.0

Figure 2. Comparison of pure gas adsorption isotherms on 13X zeolite at 373 K. The

solid line is the Toth model.
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Prediction of Binary Adsorption Equilibrium

The binary interaction of 1-butene with propane and propylene on 13X zeolite

was investigated by simulation in order to get some insight into the real adsorp-

tion behavior of 1-butene in presence of the C3 hydrocarbons. Thus, the

isotherms parameters obtained from pure component equilibrium data were

employed in the extended Toth model to predict the binary adsorption equilibria

of both 1-butene/propane and 1-butene/propylene systems at 373 K and at the

total pressure of 110 kPa. The model prediction for the binary adsorption equili-

brium of C4H8/C3H8 mixture is shown in Fig. 3a. Because of the competitive

adsorption between the two components, the amounts adsorbed of each

species in the binary adsorption are different from those in the pure

component adsorption. The total adsorbed amount of this binary mixture

decreases slightly with propane composition increment as shown in Fig. 3a.

This is because the equilibrium amount of 1-butene adsorbed is greater than

the one of propane. Figure 3b shows the simulated binary adsorption equilibrium

of 1-butene/propylene system. It can be seen from this figure that 1-butene is

more selectively adsorbed than propylene. Another way to point out that

1-butene is preferentially adsorbed on 13X zeolite, is to calculate the selectivity

factor defined as follows:

SA=B ¼
xA=xB
yA=yB

ð20Þ

where x and y are the molar fractions of a component in the adsorbed phase and

the gas phase, respectively (A is the stronger adsorbing component). Thus, a

value of 3.84 is found for the C4H8/C3H6 system while 16.43 is obtained for

the couple C4H8/C3H8. Finally, the last way to clearly show the affinity of the

zeolite 13X for 1-butene adsorption in the presence of the C3 components is to

plot the simulated results of C4H8 mole fraction in the gas phase versus those

in the adsorbed phase in a X-Y diagram for each system (Fig. 3c).

Dynamic Study

As noticed before from the simulations of binary equilibrium isotherms, the

1-butene is just slightly more easily adsorbed than the propylene and much

more adsorbed than the propane. This is a first indication about the appropri-

ateness of 1-butene to be a potential desorbent. Nonetheless, in order to

confirm that 1-butene/zeolite 13X could be a promising couple to perform

propane-propylene separation by SMB, it is essential to investigate the

dynamics of adsorption and desorption of 1-butene in a fixed bed packed

with 13X zeolite. Therefore, pure 1-butene breakthrough experiments were

performed through an adsorbent bed initially activated with nitrogen. Then,

the desorption of 1-butene was carried out by feeding the column with

either pure propane or pure propylene until complete desorption. These
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Figure 3. Simulations of binary adsorption equilibrium of a) 1-butene/propane sys-

tem and b) 1-butene/propylene system over zeolite 13X at 373 K and 110 kPa. c) X-Y

diagram for both systems predicted by the extended Toth model.
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experiments allow to evaluate the ability of C3 components to displace the

desorbent (1-butene) from the zeolite. Subsequently, considering that the

typical composition of an industrial gas mixture is 75% of C3H6 and 25%

of C3H8, breakthrough and reverse breakthrough experiments were

performed using 1-butene and this mixture. Finally, the set of breakthrough

experiments is completed with a comparative study between 1-butene and

isobutane which has been proposed in a previous work (26) as a convenient

desorbent to displace both propane and propylene from a bed of zeolite

13X. All fixed bed experiments were carried out with a feed volumetric

flowrate of 1.0 SLPM, at 373 K and 110 kPa. Table 4 provides further infor-

mation regarding the experimental conditions. Note that all the adsorption

breakthrough curves in this study are plotted in molar flowrate versus time.

Pure 1-Butene Adsorption on a 13X Zeolite Fixed Bed

Figure 4 shows a typical breakthrough curve of 1-butene over a fixed bed

adsorbent initially filled with nitrogen at 110 kPa and 373 K. Also shown are

the experimental and simulated temperature histories at the middle and top of

the column (corresponding to the gas bulk temperature and wall temperature,

respectively). The experimental breakthrough curves for single component

were simulated using the model parameter values listed in Table 5, together

with the physical properties given in appendix (Table A1). With regard to the

overall heat transfer coefficient U, and the heat wall transfer coefficient hw, the

values found by fitting the simulation breakthrough curves to experimental

data, range from 15 to 45 W/m2 . K, and are in good agreement with the ones

reported in the literature (7). It is observed that the mathematical model

proposed in the previous section, provides a good representation of the exper-

imental breakthrough curves as well as the temperature histories.

For a quantitative comparison purpose, experimental and simulated

adsorbed amount were calculated. For each experimental breakthrough

Table 4. Experimental conditions for the runs performed with 1-butene, propane,

propylene and their mixtures

Run

Initial bed

saturation yC3H6 yC3H8 YC4H8 Q (SLPM)

P0

(bar) T0 (K) Figure

1 N2 0.0 0.0 1.0 1.0 1.1 373 4a, 4b

2 C4H8 0.0 1.0 0.0 1.0 1.1 373 5a, 5b

3 C4H8 1.0 0.0 0.0 1.0 1.1 373 7a, 7b

4 C3H6-C3H8 0.0 0.0 1.0 1.0 1.1 373 9a, 9b

5 C4H8 0.75 0.25 0.0 1.0 1.1 373 10a, 10b

6 C3H6 0.0 0.50 0.50 1.0 1.1 373 12a, 12b

Note: Q is the volumetric flow in SLPM at standard conditions (273.15 K, 1.01325

105 Pa).
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curve, the adsorbed amount was calculated as follows:

qi ¼
1

rpð1 � 1bÞVc

ð1
0

ðF0 � FiÞdt �
1b

rpð1 � 1bÞ

F0

Q0

ð21Þ

where rp is the pellet density, 1b is the bed voidage fraction, Vc is the volume of

the column occupied by the solid adsorbent, Q0 is the feed volumetric flowrate,

and F0 is the feed molar flowrate. The evolution of Fi at the bed exit is taken into

Figure 4. Typical adsorption breakthrough curve of pure 1-butene (4) on 13X zeolite

at the bed exit; b) gas temperature histories at the middle bed (†) and wall column

temperature histories at the top bed (�) during the adsorption of 1-butene. Solid

lines are simulations obtained with the non-isothermal bidisperse model. (Q ¼ 1.0

SLPM; P ¼ 1.1 bar; T ¼ 373 K).

Table 5. Calculated parameters used in the simulations

Parameters C3H6 C3H8 C4H8 Unit

Mass parameters

ri 1.49 1.56 1.99 kg . m23

Dc (33, 34) 2.69 10211 4.42 10211 2.10 10211 m2 . s21

Dp 5.74 1026 5.45 1026 4.52 1026 m2 . s21

Dax 10.49 1024 9.98 1024 8.46 1024 m2 . s21

Km 4.61 1022 4.44 1022 3.97 1022 m . s21

Bi 5.04 5.11 5.51 —

Energy parameters

kg 3.34 1022 2.77 1022 2.85 1022 W . m21 . K21

l 0.47 0.39 0.47 W . m21 . K21

hf 101.6 85.8 99.0 W . m22 . K21

C̃p,i 89.33 76.40 103.0 J . mol21 . K21

C̃v,i 81.02 68.08 94.68 J . mol21 . K21

Note: parameters calculated at the feed conditions (373 K, 1.1 bar and u0 ¼ 0.06

m . s21).

1-Butene, Propylene, and Propane over 13X Zeolite 1141

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Table 6. Experimental and simulated adsorbed amount

Run

Initial bed

saturation yC3H6 yC3H8 yC4H8

qC3H6 (mol/kg) qC3H8 (mol/kg) qC4H8 (mol/kg)

Exp. Sim. Exp. Sim. Exp. Sim.

1 N2 — — 1.0 — — — — 2.028 1.913

2 C4H8 — 1.0 0.0 — — 0.554 0.602 1.042 1.091

3 C4H8 1.0 — 0.0 2.142 2.168 — — 1.864 1.905

4 C3H6-C3H8 0.0 0.0 1.0 1.872 1.864 0.119 0.118 1.997 1.909

5 C4H8 0.75 0.25 0.0 1.834 1.860 0.117 0.115 1.985 1.902

6 C3H6 0.0 0.50 0.50 2.134 2.188 0.065 0.062 1.765 1.758
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account in the calculation, which was measured experimentally. The experimen-

tal and theoretical adsorbed concentrations are shown in Table 6. It can be

observed that discrepancies between experimental and predicted adsorbed

amount are not significant. Furthermore, the experimental adsorbed concen-

tration measured at 373 K and 110 kPa by gravimetric method is in good

agreement with the adsorbed concentration estimated from breakthrough curves.

Desorption of Pure 1-Butene: Pseudo-Binary Breakthrough Curves

The term “pseudo-binary breakthrough curve” as used in this study means a

single component breakthrough curve which has been performed in a fixed

bed initially saturated with an adsorptive species. Thus, the behavior of the

two pure components can be investigated during the same run, one being

desorbed by the adsorption of the other. Here, the main idea was to observe des-

orption of 1-butene by passing either pure propane or propylene in the fixed bed.

The displacement of 1-butene by the adsorption of propane is shown in

Fig. 5a. Desorption breakthrough curve of 1-butene is very broad. This

tailing is due to a large extent to the adsorption isotherm of 1-butene that is

highly favorable compared to the one of propane in a binary mixture (see

Fig. 3c). Although the desorption is not entirely accomplished experimentally,

it can be assumed according to the experimental curve shape, that the time

required to complete the desorption of 1-butene with propane will be longer

(more than 3000 sec. by simulations). The variation of bulk phase velocity

along the column is an important aspect that was taken into account in this

work. Figure 5b shows the superficial velocity history at the column outlet.

Figure 5. Experimental breakthrough curves of propane (W) on 13X zeolite initially

saturated with 1-butene (4); b) gas temperature histories at the middle bed (†) and wall

column temperature histories at the top of the bed (�) during the adsorption of pure

propane. Solid lines are simulations of molar flowrate and temperature breakthrough

curves. Dashed line represents the variation of superficial velocity predicted by the

model (Q ¼ 1.0 SLPM; P ¼ 1.1 bar; T ¼ 373 K).
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Looking at the temperature history at the bed outlet on Fig. 5b, we can see that

the range of thermal variations is quite small (less than 58C).

Looking at the outlet velocity history on Fig. 5b, we can see a roll-up

phenomenon. Since temperature variations are small, as it can also be observed

from the gas temperature bed profiles (Fig. 6c), this velocity variation should

be explained by another phenomenon. In fact, looking at the evolution with

time of the adsorbed quantity profile in the bed on Fig. 6b, we can see that this

quantity decreases with time due to the difference of adsorbed capacity

between 1-butene and propane. So there is more desorbed 1-butene than

adsorbed propane. This is the reason why we can see on Fig. 6a that the superficial

velocity is higher when and where the adsorbed quantity is high: there is a

desorbed 1-butene flow which is just partially balanced by the adsorbed

Figure 6. a) Superficial velocity axial profiles at different times b) bed profiles of the

total adsorbed amount and c) bed profiles of gas temperature during the adsorption

of pure propane over 13X zeolite initially saturated with 1-butene at 373 K and

110 kPa.
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propane flow, and the difference between the desorbed and the adsorbed flows is

added to the bulk flow resulting in a higher superficial velocity.

This velocity peak leads to a typical roll up in the 1-butene wave desorbed

by the propane. This establishes the fact that the effect of velocity variation is

particularly significant and is the main cause of roll over phenomenon. Con-

sidering the temperature histories, a significant thermal well is noted, due to

the smaller heat of adsorption of propane in comparison with the one

measured for 1-butene (36.9 kJ/mol and 54.4 kJ/mol, respectively).

Figure 7 shows the adsorption of propylene through a fixed bed fully

saturated with 1-butene. One can observe that the exit molar flowrate break-

through curves of propylene adsorption and 1-butene desorption are dispersive.

This is a consequence of the favorable adsorption isotherm of 1-butene when it

is involved in a binary mixture with propylene (as can be seen in Fig. 3c). These

observations are in agreement with the equilibrium theory, which predicts dis-

persive concentration fronts in the case of the desorption of a component with a

favorable isotherm. Regarding the gas and wall column temperature histories, it

can be observed that the system is almost isothermal. This is a consequence of

an energy compensation between the energy necessary for the propylene

adsorption and the one released during the desorption of 1-butene. In fact, mul-

tiplying the heat of adsorption of propylene by its loading at the feed condition,

a value ofþ110 kJ/kg is found, while the energy discharged per kilogram of

adsorbent during the desorption of 1-butene is around 2114 kJ/kg. These

values are very close and explain the very low thermal sink. In the same

way, it should be noticed that superficial velocity along the bed is almost

constant and no roll up is observed in the breakthrough curves. It is worth

noting that in both cases, modeling results compare very well with the exper-

imental breakthrough data (see Table 6).

Figure 7. a) Experimental breakthrough curves of propylene (A) on 13X zeolite

initially saturated with 1-butene (4); b) gas temperature histories at the middle bed

(†) and wall column temperature histories at the top of the bed (�) during the adsorp-

tion of pure propylene. Solid lines are simulations of molar flowrate and temperature

breakthrough curves. Dashed line represents the variation of superficial velocity

(Q ¼ 1.0 SLPM; P ¼ 1.1 bar; T ¼ 373 K).
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Figure 8 shows the bed profiles of dimensionless adsorbed phase concen-

tration n
¼

i/qm,i and the values obtained at equilibrium with the macroporous

phase n
¼�

i /qm,i at different dimensionless times (u ¼ u0t/1bL) for propylene

adsorption and 1-butene desorption, respectively. It is observed that dimension-

less adsorbed solid concentration (solid lines) and the respective equilibrium

values (circles) are markedly the same. Therefore, considering this simulation,

it can be concluded that the macropore resistance is higher than micropore resist-

ance. Another way to demonstrate that macropore mass transfer is the controlling

mechanism is to use Ruthven and Loughlin criterion (40, 41), written as:

g ¼
ðDc=r

2
c Þð1 þ KÞ

ðDp=R2
pÞ

ð22Þ

where K ¼ (1 2 1p)H/1p is the capacity factor and H the slope of the considered

isotherm at the origin. Macropore diffusion is the controlling mechanism for g.

10, while for g , 0.1 the micropore diffusivity is the dominant mass transfer

mechanism. For both gases, we found g . 700. This result confirms the

previous conclusion made from the simulations regarding the macropore control.

Figure 8. Simulated dimensionless concentration profile in adsorbed phase (solid

lines) and dimensionless equilibrium solid concentration (WWW) along the adsorption

fixed bed at different dimensionless times u. (a) Propylene adsorption at 373 K and 1.1

bar (Q ¼ 1.0 SLPM), (b) 1-butene desorption at the same operating conditions.
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Counter-Diffusion of 1-Butene and Propane/Propylene Mixture

The purpose of the following fixed bed experiments is to evaluate the suit-

ability of 1-butene as a desorbent for the regeneration of 13X zeolite when

it is fully saturated with a propane-propylene mixture. Figure 9 shows the

breakthrough curves and temperature histories of 1-butene adsorption over a

fixed bed adsorbent originally saturated with a propane (25%)/propylene

(75%) mixture. It can be clearly observed that 1-butene readily displace the

gas mixture from the adsorbent. As stated previously through the adsorption

phase diagram (Fig. 3c), the adsorption isotherm of 1-butene is highly

favorable compared to the ones of the C3 components; therefore the break-

through curves are sharp with well distinguishable plateaus and abrupt tran-

sitions. Breakthrough time is rather short, the adsorbent bed being fully

regenerated in less than 1200 sec. A relevant velocity variation is markedly

noted on breakthrough curves. In this experiment, temperature histories

present a small thermal peak due to the high adsorption enthalpy of

1-butene compared with propane adsorption heat. On the other hand, the

reverse breakthrough experiment shown in Fig. 10, reveals that the displace-

ment of the selected desorbent by adsorption of propane-propylene mixture is

difficult in view of the dispersive fronts and the long time required to achieve a

complete desorption of 1-butene. Thus, although the desorbent is able to easily

displace the adsorbed C3 hydrocarbons from 13X zeolite, the reverse

operation is more difficult to carry out, 1-butene being in strong interaction

with the adsorbent and impeding propane-propylene adsorption.

Figure 9. a) Blowdown curves of propylene/propane mixture on 13X zeolite by

adsorption of 1-butene; b) gas temperature histories at the middle of the bed (†) and

wall column temperature histories at the top of the bed (�) during the desorption of the

mixture. (A) Propylene, (W) Propane and (4) 1-butene. Solid lines are simulated molar

flowrate and temperature breakthrough curves obtained with the non-isothermal bidis-

perse model. Dashed line is the superficial velocity variation at the bed outlet. (feed com-

position: 75% propylene – 25% propane Q ¼ 1.0 SLPM; P ¼ 1.1 bar; T ¼ 373 K).
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The small disparities between experimental and simulated breakthrough

curves can be reduced by taking into account the pressure drop along the

equipment. Although this problem has not been examined here in details, it

can easily be solved by adding the momentum balance to the model.

Figure 10. a) Adsorption breakthrough curves of propylene/propane mixture on 13X

zeolite initially saturated with 1-butene; b) gas temperature histories at the middle of

the column (†) and wall column temperature histories at the top of the bed (�) during

the adsorption of the mixture. (A) Propylene, (W) Propane and (4) 1-butene. Solid lines

are simulated molar flowrate and temperature breakthrough curves obtained with the

non-isothermal bidisperse model. Dashed line is the superficial velocity variation at

the bed outlet. (feed composition: 75% propylene – 25% propane Q ¼ 1.0 SLPM;

P ¼ 1.1 bar; T ¼ 373 K).

Figure 11. Comparison of 1-butene and isobutane as desorbent for the displacement

of propylene/propane mixture. a) Both adsorption of propylene/propane mixture over

a bed initially saturated with 1-butene (A Propylene, W Propane) and isobutane (B Pro-

pylene, † Propane), respectively. b) Both desorption of 1-butene (4) and isobutane (O)

during the adsorption of propylene/propane mixture. Solid lines are simulations

obtained with the model (feed composition: 75% propylene – 25% propane Q ¼ 1.0

SLPM; T ¼ 373 K).
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Nevertheless, the model proposed in this study, provides good predictions of

multicomponent breakthrough curves.

1-Butene and Isobutane as Desorbent: A Comparative Study

In a previous work (26), adsorption of isobutane on 13X zeolite was studied as a

desorbent to displace both propane and propylene from a bed of zeolite 13X. In this

part, results obtained with isobutane are compared to those obtained with 1-butene.

For comparison purpose, adsorption/desorption breakthrough curves of

1-butene and isobutane have been studied in terms of ability to displace a

Figure 12. Comparison of 1-butene (4) and isobutane (†) in presence of propane (W)

and propylene (A) a) Breakthrough curves of 1-butene/propane mixture on 13X zeolite

initially saturated with propylene (feed composition: 50% 1-butene – 50% propane;

Q ¼ 1.0 SLPM; P ¼ 1.1 bar; T ¼ 373 K) ; c) Breakthrough curves of isobutane/pro-

pane mixture on 13X zeolite initially saturated with propylene (feed composition:

50% isobutane – 50% propane; Q ¼ 1.0 SLPM; P ¼ 1.5 bar; T ¼ 373K) ; b)–d) gas

temperature histories at the middle bed (†) and wall column temperature histories at

the top of the bed (�) during the adsorption of the mixtures. Dashed line represents

the superficial velocity variation at the bed outlet.Solid and dashed lines are simulations

obtained with the non-isothermal bidisperse model.
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typical propane-propylene mixture from zeolite 13X. Figure 11a shows a

comparison of binary breakthrough curves for adsorption of propane-

propylene mixture (25/75) in a fixed-bed adsorbent initially saturated either

with isobutane (black marks) or 1-butene (white marks). In the case of

isobutane, the breakthrough curves of the gas mixture are shaper than the

ones resulting from an adsorbent bed originally filled with 1-butene. In the

same way, it can be observed in Fig. 11b that desorption breakthrough

curve of 1-butene exhibits more tailing and is broader than isobutane deso-

rption profile. These results are attributed to the nature of the desorbent

isotherm, which is favorable for 1-butene and unfavorable for isobutane in a

mixture involving propylene. According to the equilibrium theory, for a

system with an unfavorable isotherm since in desorption, compressive concen-

tration waves are expected. In addition, from this figure it can be deduced the

following selectivity sequences for the two systems considered in this study:1-

butene .propylene . propane and propylene . isobutane . propane.

Further fixed bed experiments were performed in order to confirm these

selectivity sequences and above all to compare the adsorption of both

1-butene and isobutane in presence of C3 hydrocarbons. Thus, in Fig. 12 are

presented adsorption breakthrough curves of equimolar mixtures of

propane/1-butene and propane/isobutane through a fixed bed adsorbent

initially saturated with propylene. In both cases the bed preferentially

adsorbs the desorbent from the mixture. Mass fronts are more compressive

with a mixture involving 1-butene than the one comprising isobutane. So, it

can be concluded that 1-butene is a promising desorption agent, especially

for displacing propane-propylene mixture from 13X zeolite in a SMB process.

CONCLUSION

In this work, 1-butene has been studied as a potential desorption agent over

zeolite 13X for C3 olefin/paraffin separation. It has been shown that 1-butene

was able to easily displace both adsorbed propane and propylene from the

13X zeolite packed in a fixed-bed column. We also observed that 1-butene

was held rather strongly by the zeolite, making the loading up of the

adsorbent difficult with a propane-propylene mixture. The mathematical

model including a double LDF approximation for the mass transfer, a hetero-

geneous energy balance, and a variable velocity of the gas phase through a

fixed-bed column packed with bidisperse porous particles, has been formulated

and gave an excellent prediction of the experimental breakthrough curves.

The present work may be considered as first steps in the modelling of a

simulated moving bed for the separation of propane-propylene mixture. In

addition, the experimental information provided can be applied for the suc-

cessful design and operation of such a process. Two potential desorbent/
adsorbent couples have been clearly identified:1-butene/13X zeolite and

isobutane/13X zeolite
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NOTATION

a pellet specific area

b adsorption equilibrium constant (-)

Bi Biot number (-)

C total fluid phase concentration (mol/m3)

Ci concentration of i component is the bulk phase (mol/m3)

c̄i average concentration of i component inside the pellet pores

(mol/m3)

C̃p molar specific heat at pressure constant of the gas mixture

(J/mol . K)

C̃pw wall specific heat (J/kg .K)

C̃v molar specific heat at volume constant of the gas mixture

(J/mol . K)

Dax mass axial dispersion coefficient (m2/s)

Dc crystal diffusion coefficient (m2/s)

Dm molecular diffusivity (m2/s)

Dp pore diffusivity (m2/s)

Fi molar flow rate of i component is the bulk phase (mol/s)

DHi isosteric heat of adsorption of i component (J/mol)

hf film heat transfer coefficient between gas and solid (W/m2 . K)

hw film heat transfer coefficient between gas and the wall (W/m2 .K)

kg gas thermal conductivity (W/m . K)

Km mass transfer coefficient (m/s)

L length of the column (m)

M molecular weight (g/mol)

n
¼

i average adsorbed concentration for i component in the pellet (mol/kg)

n̄�
i adsorbed phase concentration in the crystal in equilibrium with the

gas inside the particule (mol/kg)

P gas pressure (Pa)

Q volumetric flow rate (SLPM)

qm maximum loading capacity of the sorbent (mol/kg)

qT total adsorbed amount (mol/kg)

< ideal gas constant (¼8.3143 J/mol . K)

rc crystal radius (m)

rp pore radius (m)

Rp pellet radius (m)

t time variable (s)

Tg gas temperature (K)

Ts solid temperature (K)

Tw wall temperature (K)

T1 temperature outside the column (K)

U overall heat transfer coefficient (W/m2 . K)

u superficial velocity (m/s)

v interstitial velocity (m/s)
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Greek Letters

1b bulk porosity (2)

1p pellet porosity (2)

l heat axial dispersion coefficient (W/m . K)

h viscosity (Pa . s)

rb bulk density (kg/m3)

rp pellet density (kg/m3)

u dimensionless time (2)

Superscripts

� equilibrium

2 volumetric average

¼ double volumetric average

� per mole

Subscripts

c crystal

g gas

i species

o reference feed condition

p pellet; constant pressure

s solid

v constant volume

w wall

Abbreviations

LDF Linear driving force

MSB Magnetic suspension balance

OCFEM Orthogonal collocation in finite elements method

ODAE Ordinary differential and algebraic equations

ODE Ordinary differential equations

PDAE Partial differential and algebraic equations

PDE Partial differential equation

PSA Pressure swing adsorption

SMB Simulated moving bed
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APPENDIX

Table A1. Physical properties of propylene, propane, 1-butene and isobutane

Gas Mi (g/mol) s (Å) 1/k (K) Tc (K) Pc (bar)

~Cp;i ¼
P3

i¼0

AiT
iðJ=mol � KÞ

A0 A1 A2 A3

C3H6 42.08 4.766 275 365.0 46.1 3.71 2.35 1021 21.16 1024 2.21 1028

C3H8 44.10 4.934 273 369.8 42.5 24.22 3.01 1021 21.60 1024 3.22 1028

C4H8 56.11 4.536 276 414.0 40.2 22.99 3.53 1021 21.99 1024 4.46 1028

iC4H10 58.12 5.393 295 408.1 36.5 21.39 3.85 1021 21.85 1024 2.89 1028
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